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(57) ABSTRACT

An over-current protection device comprises first and sec-
ond electrode layers and a PTC material layer laminated
therebetween. The PTC matenal layer comprises a polymer
matrix, a conductive ceramic filler, a carbon-containing
conductive filler, and an mnner filler. The polymer matrix
comprises a fluoropolymer having a melting point higher
than 150° C. The imnner filler 1s selected from one of
aluminum nitride, silicon carbide, zirconium oxide, boron
nitride, graphene, aluminum oxide, or any mixtures thereof,
and comprises 2-10% by volume of the P1C material layer.
The over-current protection device 1s able to mitigate nega-
tive temperature coetlicient (NTC) behavior after trip of
device, and achieves high hold current and high endurable
power.

8 Claims, 2 Drawing Sheets
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1
OVER-CURRENT PROTECTION DEVICE

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The present application relates to an over-current protec-
tion device, and more specifically, to an over-current pro-
tection device mitigating negative temperature coetlicient
(NTC) behavior after trip of device.

(2) Description of the Related Art

Because the resistance of conductive composite materials
having a positive temperature coetlicient (PTC) character-
1stic 1s very sensitive to temperature variation, 1t can be used
as the material for current sensing devices, and has been
widely applied to over-current protection devices or circuit
devices. The resistance of the PTC conductive composite
material remains extremely low at normal temperatures, so
that the circuit or cell can operate normally. However, when
an over-current or an over-temperature event occurs in the
circuit or cell, the resistance will instantaneously increase to
a high resistance state (e.g. at least above 10*Q), which is the
so-called trip. Theretfore, the over-current will be eliminated
so as to protect the cell or the circuit device.

The over-current protection device includes a PTC mate-
rial layer and two electrodes bonded to two opposite sides of
the PTC material layer. The PTC maternial comprises a
polymer matrix and a conductive filler umformly dispersed
in the polymer matrix. For high-temperature environment
applications, the PIC material layer of the over-current
protection device usually uses fluoropolymer as the polymer
matrix. In the meanwhile, in order to have an over-current
protection device having a low resistance, the conductive
filler may use conductive ceramic power. Since hydrofluoric
acid 1s generated when the conductive ceramic power 1s
mixed with fluoropolymer at a high temperature, the PTC
conductive composite material may further comprise mag-

nesium hydroxide (Mg(OH),) which 1s added to avoid

generation of hydrofluoric acid and to avoid influence on
electrical characteristics of device. However, such a PTC
conductive composite material including fluoropolymer,
conductive ceramic power and magnesium hydroxide causes
an 1ssue that the over-current protection device has an NTC
behavior after trip of device. In other words, after trip of
device, the resistance of the device gradually decreases with
gradual increase of temperature, such that the current flow-
ing through the device may not be completely eliminated.

Electronic apparatuses are being made smaller as time
goes on. Therefore, 1t 1s required to extremely restrict the
s1zes or thicknesses of active and passive devices. However,
i the top-view area of the P1'C matenal layer 1s decreased.,
the resistance of the device will be increased, and the voltage
which the device can endure at most 1s lowered. Thus, the
over-current protection device cannot withstand large cur-
rent and high power. In addition, 1f the thickness of the PTC
material layer 1s reduced, the voltage endurance of the
device will be reduced at the same time. Apparently, the
small-s1zed over-current protection devices are easily blown
out in real applications.

Accordingly, there 1s a need to mitigate NTC behavior of
the traditional over-current protection devices after trip of
device. Also, 1t 1s necessary for the traditional device to be
able to hold large currents and endure high power and have
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2

excellent voltage endurance, so as to provide applications
thereol 1n high-temperature environments.

SUMMARY OF THE INVENTION

To solve atorementioned problems, the present invention
provides an over-current protection device with a goal to
mitigate N'TC behavior after trip of device by ntroducing a
fluoropolymer, a conductive ceramic filler, a carbon-con-
taining conductive filler, and an 1nner filler. Moreover, the
over-current protection device exhibits the features of high
hold current per umt area, high endurable power per unit
area, and high voltage endurance. In addition, although the
s1ze of the over-current protection device 1s reduced, resis-
tivity thereof 1s not increased, thus being particularly suit-
able 1n applications for small-sized electronic products.
Also, the over-current protection device of the present
invention can withstand rigorous impacts 1n high-tempera-
ture environments.

In accordance with an aspect of the present application,
the present application provides an over-current protection
device comprising a first electrode layer, a second electrode
layer, and a PTC material layer laminated between the first
and second electrode layers. The PTC material layer has a
resistivity less than 0.05 Q-cm. The PTC matenal layer

comprises a polymer matrix comprising at least one fluo-
ropolymer with a melting point temperature higher than
150° C. and comprising 45-60% by volume of the PTC
material layer. A conductive ceramic filler of a resistivity
less than 500uf2-cm 1s dispersed in the polymer matrix and
comprises 40-45% by volume of the PTC material layer. A
carbon-contaiming conductive filler 1s dispersed in the poly-
mer matrix and comprises 0.5-5% by volume of the PTC
material layer. An mner filler 1s included 1n the PTC material
layer and 1s selected from one of aluminum nitride, silicon
carbide, zircontum oxide, boron nitride, graphene, alumi-
num oxide, or any mixtures thereof, and comprises 2-10%
by volume of the PTC material layer. At 25° C., a hold
current per unit area of the over-current protection device 1s
0.215-0.26 A/mm~. At 25° C., an endurable power per unit
area of the over-current protection device is 5.1-6.5 W/mm?.

In an embodiment, a ratio of a resistance of the over-
current protection device at 164° C. (R_164° C.) to a
resistance of the over-current protection device at 200° C.
(R_200° C.) 1s defined to be a resistance retention ratio R,
and R,, 1s between 2 and 10.

In an embodiment, the mmner filler comprises boron
nitride, and the resistance retention ratio R,, 1s less than 5.

In an embodiment, the fluoropolymer 1s selected from the
group consisting of polyvinylidene fluoride, poly(tetrafluo-
roethylene), poly(vinylidene fluoride), ethylene-tetra-
fluoro-ethylene, tetrafluoroethylene-hexatluoro-propylene
copolymer, ethylene-tetrafluoroethylene copolymer, per-
fluoroalkoxy modified tetrafluoroethylenes, poly(chlorotri-
fluorotetratluoroethylene), vinylidene fluoride-tetratiuoro-
cthylene copolymer, tetrafluoroethylene-pertluorodioxole
copolymer, vinylidene fluoride-hexatluoropropylene copo-
lymer, and vinylidene fluoride-hexafluoropropylene-tet-
rafluoroethylene terpolymer.

In an embodiment, the conductive ceramic filler 1s
selected from the group consisting of tungsten carbide,
titamium carbide, vanadium carbide, zirconium carbide, nio-
bium carbide, tantalum carbide, molybdenum carbide, hat-
nium carbide, titanium boride, vanadium boride, zirconium
boride, niobium boride, molybdenum bornide, hatnium
boride and zirconium nitride.
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In an embodiment, the over-current protection device
passes a cycle life test at 24V and 50 A by 100 cycles without
blowout.

In an embodiment, the over-current protection device has
a top-view area of 20-35 mm* and a thickness of 0.3-0.7
mm.

In an embodiment, the over-current protection device
alter trip once has a resistivity (p_R1 max) of 0.026~0.033
(2-cm.

The over-current protection device of the present inven-
tion uses at least one tluoropolymer to provide applications
in high-temperature environments. By using specific poly-
mer matrix, conductive ceramic filler, carbon-containing,
conductive filler, and 1nner filler, NTC behavior after trip of
device 1s mitigated. Moreover, the over-current protection
device exhibits the features of high hold current per unit
area, high endurable power per unit area, and high voltage
endurance (2:24V). The size of the over-current protection
device 1s reduced, but resistivity od device 1s not increased,

thus being particularly suitable 1n applications for small-
s1zed electronic products.

BRIEF DESCRIPTION OF THE

DRAWINGS

The present application will be described according to the
appended drawings in which:

FIG. 1 shows an over-current protection device 1n accor-
dance with an embodiment of the present invention;

FIG. 2 shows the top view of the over-current protection
device shown 1n FIG. 1; and

FIG. 3 shows the resistance-to-temperature (R-1) curves
of three different over-current protection devices.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

The making and using of the presently preferred 1llustra-
tive embodiments are discussed in detail below. It should be
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uses Zonyl™ PTFE MP1000 having a melting point tem-
perature of 315° C. and comprising 5.5% by volume of the

PTC matenial layer. The conductive filler used by all of
E1-E8 and C1-C2 1n the PTC matenal layer includes tung-
sten carbide (WC) and carbon black (CB). The tungsten
carbide (WC) 1s included to lower resistance of the device,
and thus 1t should have a higher volume percentage in the
PTC matenial layer and comprises 40-43% by volume of the
PTC material layer. To increase voltage endurance and
clectrical characteristic stability of the device, the PIC
material layer in E1-E8 and C1-C2 may further include a
small amount of carbon black (CB) which comprises 4% by
volume of the PTC material layer. In addition to tungsten
carbide (WC) and carbon black (CB), the PTC material layer
in E1-E6 further includes an inner filler. Specifically, the
PTC matenal layer 1n E1-E6 additionally includes aluminum
nitride (AIN), silicon carbide (51C), zircontum oxide (ZrO,),
boron nitride (BN), graphene and aluminum oxide (Al,O,)
which comprises 2.5%, 2.5%, 2.5%, 2.5%, 4.5% and 2.5%
by volume of the PTC material layer, respectively. In
comparison with E4, E7 and E8, which comprise 5.6% and
8.6% by volume of the PTC matenial layer respectively,
include more boron nitride (BN) 1n amount. C1 uses mag-
nesium hydroxide (Mg(OH),) as inner filler which 1s usually
used 1n traditional over-current protection device, and 1t
comprises 2.5% by volume of the PTC material layer. The
conductive fillers used in C2 include tungsten carbide (WC)
and carbon black (CB) only without any inner filler. In other
words, 1n this experimental test, tungsten carbide (WC) and
carbon black (CB) are configured to serve as conductive
filler, and other conductive filler or non-conductive filler are
defined as inner filler. Taking C1 as an example, the 1nner
filler used therein 1s magnesium hydroxide (Mg(OH),)
which 1s usually used 1n traditional over-current protection

device as a flame retardant.

TABLE 1

(volume percentage, vol %)

PVDF  PTFE Mg(OH), AIN SiC ZrO, BN graphene ALO, CB WC
El 48 5.5 2.3 4 40
E2 48 5.5 2.5 4 40
F3 48 5.5 2.5 4 40
FA 48 5.5 2.5 4 40
E5 46 5.5 4.5 4 40
E6 48 5.5 2.5 4 40
E7 44.9 5.5 5.6 4 40
S 42.1 5.3 R.6 4 40
Cl 48 5.5 2.5 4 40
C2 48 5.5 4 425

appreciated, however, that the present application provides
many applicable mnventive concepts that can be embodied in
a wide variety of specific contexts. The specific illustrative
embodiments discussed are merely 1llustrative of specific
ways to make and use the invention, and do not limit the
scope of the mvention.

Table 1 shows the composition to form a PTC material
layer by volume percentages in accordance with Embodi-
ments (E1-E8) of the present application and Comparative
Examples (C1-C2). In a polymer matrix, polyvinylidene
fluoride (PVDF) uses Kynar® 761 A having a melting point
temperature of 165° C. and comprising 40-50% by volume
of the PTC matenal layer, and polytetrafluoroethene (PTFE)
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The matenials of E1-E8 and C1-C2 are put into HAAKE
twin screw blender with the volume percentages as shown
above for blending. The blending temperature 1s 215° C., the
time for pre-mixing 1s 3 minutes, and the blending time 15 15
minutes. The conductive polymer after being blended 1s
pressed 1nto a sheet by a hot press machine at a temperature

of 210° C. and a pressure of 150 kg/cm®. The sheet is then

cut into pieces ol about 20 cmx20 cm, and two nickel-plated
copper foils are laminated to two sides of the sheet with the
hot press machine at a temperature of 210° C. and a pressure
of 150 kg/cm”. Then, the sheet with the nickel-plated copper
foils 1s punched mnto PTC chips. FIG. 1 shows one of the
PTC chips which 1s an over-current protection device 10 of
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the present invention. FIG. 2 1s a top view of the over-current
protection device 10 shown in FIG. 1. The over-current
protection device 10 comprises a PTC matenal layer 11
formed by the conductive polymer, and a first electrode layer
12 and a second electrode layer 13 formed by the nickel-
plated copper foils. The top-view area “AxB” of the over-
current protection device 10 1s equivalent to the top-view
area of the PTC material layer 11. All the over-current
protection devices in E1-E8 and C1-C2 have a length “A” of
7 mm and a width “B” of 5 mm, and thus they all have a
top-view area of 35 mm”. The PTC material layer 11 is
controlled during manufacturing process of the PTC chip to
have a thickness of 0.7 mm.

In an embodiment, a solder paste 1s coated on the outer
surfaces of the first and second electrode layers 12 and 13,
and two copper electrodes with a thickness of 0.5 mm are
respectively disposed on the solder paste on the first and
second electrode layers 12 and 13 as external leads, and then
the assembled device 1s subjected to a reflow soldering
process at 300° C. so as to form a PTC device of an
axial-type or a radial-leaded type. Alternatively, notches
may be made on the first and second electrode layers by
cetching and followed by forming insulating layers, outer
clectrode layers and conductive connecting holes to form a
PTC device of surface-mountable device (SMD) type.

The PTC chips are subjected to electron beam 1rradiation
of 50 kGy. The dose of irradiation can be adjusted as desired
and 1s not a limitation to the present application. The
following resistances of the PTC chips are measured after
irradiation: (1) mitial resistance, Ri1; (2) the resistance after
trip once, R1 max; (3) the resistance aiter heating at 164° C.,
R_164° C.; and (4) the resistance after heating at 200° C.,
R_200° C. Based on the four resistance values (R), and the
thickness (L) and area (A) of the PTC material layer,
corresponding resistivities p and p_R1 max can be calcu-
lated 1 accordance with resistance formula R=pxL/A.
These values are shown in Table 2. Moreover, a ratio of
R_164° C./R_200° C. 1s calculated, and this ratio 1s defined
to be a resistance retention ratio R,, That 1s, R,,=R_164°
C./R_200° C., which 1s used to evaluate resistance variation
of device from 164° C. to 200° C. to realize the extent that
resistance of device 1s lowered from 164° C. to 200° C.
Please note that 164° C., the highest resistance of device
after trip once, as shown 1n FIG. 3, 1s the temperature where
magnesium hydroxide (Mg(OH),) 1s used as mner filler in
the PTC matenal layer. Ideally, 1f the resistance retention
ratio R,, can be less than 1, there 1s no 1ssue of NTC behavior
alter trip of device. On the other hand, if the resistance
retention ratio R,, 1s greater than 1, there 1s 1ssue of N'TC
behavior after trip of device. Additionally, the greater the
resistance retention ratio R,, 1s, the more serious NTC
behavior after trip of device will be.
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In Table 2, E1-E8 use high volume percentage of tungsten
carbide (WC) and appropnate volume percentage of carbon
black (CB) to obtain resistivities less than 0.05 €2-cm.
Because E1-E8 further use aluminum mitride (AIN), silicon
carbide (S1C), zirconium oxide (Zr0O,), boron nitride (BN),
graphene and aluminum oxide (Al,O;), respectively, as
mner filler, NTC behavior after trip of device 1s mitigated.
To be more specific, 1t 1s shown that the resistance retention
ratio (R.,=R_164° C/R_200° C.) 1n E1-E8 1s between 2 and
10, which 1s smaller than that in C1-C2. In particular, the
experimental test shows that boron nitride (BN) and gra-
phene exhibit better performance 1n mitigating NTC behav-
1or than other mner fillers; especially, boron nitride (BN) the
better one 1n mitigating N'TC behavior when compared with
graphene, and 1s the best one 1 mitigating NTC behavior
among all the inner fillers. In addition, for E4, E7 and E8
which all use boron nitride (BN) as 1nner filler, the test result
shows that the more amount the boron nitride (BN) 1s
included, the more excellently the N'TC behavior after trip of
device will be mitigated, and the smaller the resistance
retention ratio R,, will be. In E4, E7 and E8, the resistance
retention ratio R,, can be lowered to be less than 5, or even
less than 4 or 3. C1 uses magnesium hydroxide (Mg(OH),)
that 1s usually used in traditional over-current protection
device as iner filler, NTC behavior after trip of device 1s
seriously obvious. C2 uses tungsten carbide (WC) and
carbon black (CB) as conductive filler only without includ-
ing any inner filler, the over-current protection device also
encounters the 1ssue where the resistance of device gradually
decreases after trip of device.

FIG. 3 shows resistance-to-temperature (R-T) curves of
three different over-current protection devices. In FIG. 3, the
three curves are the R-T curves for the three over-current
protection devices which use magnesium hydroxide (Mg
(OH),) and boron nitride (BN) as inner and do not include
inner {iller, respectively. The compositions of the PTC
conductive composite materials for the three curves are
those shown 1n C1, E4 and C2 of Table 1. FIG. 3 illustrates
a graph in which the horizontal axis represents Celsius
temperature (° C.), and the vertical axis represents resistance
(QQ) of device 1n logarithmic scale. Because all the polymers
used by C1, E4 and C2 1n the polymer matrix are fluoropo-
lymer (e.g., PVDF or PTFE) having a melting point tem-
perature higher than 150° C., the trip temperature of the
over-current protection devices falls within the range of
150-160° C. For C1 which uses magnesium hydroxide
(Mg(OH),) as inner filler and C2 which does not include
imner filler, 1t 1s observed that there 1s an obvious NTC
behavior after trip of device, and each of the R-T curves after
trip of device has a negative slope that 1s steeper. In contrast,
for E4 which uses boron nitride (BN) as inner filler, 1t 1s
observed that NTC behavior after trip of device 1s mitigated,

TABLE 2

Ri 0 R1max p_Rlmax R 164°C. R_200°C. R_164°C./

(Q) (Q - cm) (Q) (Q - cm) () (Q) R_200° C.
El 0.00349  0.0175  0.00539  0.02695 237 x 107  2.54 x 10 0.338
E2 0.00362  0.0181  0.00625  0.03125  1.65x 107  2.28 x 108 7.251
E3 0.00380  0.0190  0.00527  0.02635  1.69 x 107  2.32 x 10° 7.296
E4 0.00416  0.0208  0.00597  0.02985  1.79 x 105  3.87 x 10° 4.631
ES 0.00429  0.0215  0.00659  0.03295  7.97 x 106  2.10 x 10° 3.794
E6 0.00394  0.0197  0.00573  0.02865  1.66 x 107  2.23 x 108 7.444
E7 0.00246  0.0123  0.00565  0.02825  1.14x 10° 3.34 x 10° 3.410
E8 0.00302  0.0151  0.00600  0.03025  1.03x 106  3.58 x 10 2.879
Cl1 0.00396  0.0198  0.00655  0.03275  820x 107  6.40 x 10 12.813
C2 0.00287  0.0144  0.00435  0.02175  1.86x 107  1.69 x 10 11.028
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and the R-T curve after trip of device 1s much flatter.
Although FIG. 3 shows that boron nitride (BN) 1s used as

inner filler only (1.e., E4), other mner fillers such as alumi-
num nitride (AIN), silicon carbide (S1C), zirconium oxide
(ZrO,), graphene and aluminum oxide (Al,O,), these inner
fillers can mitigate N'TC behavior after trip of device as well.

According to the present invention, the inner filler 1s
selected from one of aluminum nitride (AIN), silicon carbide
(S1C), zircontum oxide (Zr0O,), boron nitride (BN), gra-
phene, aluminum oxide (Al,O,), or any mixtures thereof,
and comprises 2-10% (such as 4%, 6% or 8%) volume of the
PTC material layer. All the mner fillers having a volume
percentage falling within this numerical range can mitigate
NTC behavior after trip of device.

From Table 2, 1t 1s also observed that even 11 the top-view
area of the PTC matenial layer 1s decreased to 7 mmx5
mm=35 mm~ and the thickness of the PTC material layer is
reduced to 0.7 mm 1n E1-ES8, the resistances of the over-
current protection devices are not increased when compared
to traditional devices having larger size. In addition, the
over-current protection device after trip once has a resistiv-
ity (1.e., p_R1 max) of 0.026~0.033 £2-cm, such as 0.028
(2-cm, 0.030 Q-cm or 0.032 ©-cm. In practice, according to
the present invention, the over-current protection device can
have a top-view area as small as 20-35 mm~ (such as 25 mm~
or 30 mm~) and have a thickness of 0.3-0.7 mm (such as 0.4
mm, 0.5 mm or 0.6 mm), in which such small-sized over-
current protection device do not have an increased resistiv-
ity.

The following measurements are performed by taking five
PTC chips as samples for each of E1-E8 and C1-C2 having
different compositions: (1) trip current (I-trip) at 25° C.; and
(2) a cycle life test (on: 10 seconds; ofl: 60 seconds) at 24V
and 50 A by 100 cycles. Each cycle comprises a process of
trip and recovery. The trip current per unit area (A/mm~) and
endurable power per unit area (W/mm~) can be calculated
upon trip current value, the area of the device, and the
operating voltage. The trip current per unit area (A/mm?) is
equivalent to the hold current per unit area (A/mm?). Table

3 shows the test results of E1-E8 and C1-C2.

TABLE 3
[-trip(@ [-trip25° C./  Cycle life test Endurable power/
25° C. (A) area (A/mm?) (@24 V/S0A  area (W/mm?)
El 8.9 0.254 PASS 6.10
E2 8.95 0.256 PASS 6.14
E3 8.15 0.233 PASS 5.59
4 .25 0.236 PASS 5.66
ES 8.68 0.248 PASS 5.95
L6 8.4 0.240 PASS 5.76
E7 8.06 0.230 PASS 5.53
JRE 7.52 0.215 PASS 5.16
Cl 8.11 0.232 PASS 5.56
C2 9.5 0.271 FAIL 6.51

It 1s observed from Table 3 that owing to use of appro-
priate mner fillers for the over current devices of E1-E8, at
25° C., a hold current per unit area of the over-current
protection device is 0.215-0.26 A/mm~, and thus the over-
current protection device passes the cycle life test of 100
cycles at 24V and 50 A without blowout. In addition, at 25°
C., an endurable power per unit area ol the over-current
protection device is 5.1-6.5 W/mm?. C1 has a hold current
per unit area of the over-current protection device which 1s
approximate to those 1n E1-E8, and can pass the cycle life
test, and has a good endurable power per unit area of the
over-current protection device. However, because, as said

10

15

20

25

30

35

40

45

50

55

60

65

8

above, C1 uses magnesium hydroxide (Mg(OH),) as inner
filler, C1 has the 1ssue of obvious NTC behavior after trip of
device. As to C2, because C2 does not include any inner
filler, C2 fails i the cycle life test where the over-current
protection device 1s blown out during the cycle life test.

In summary, the polymer matrix used in the PTC material
layer of the over-current protection device of the present
invention includes at least one fluoropolymer comprising
45-60% (e.g., 47%, 50%, 53%, 56% or 59%) by volume of
the PTC material layer. The conductive ceramic filler could
be tungsten carbide (WC), for example, and comprises
40-45% (e.g., 41%, 43% or 44%) by volume of the PTC
maternial layer. The carbon-containing conductive filler could
be carbon black (CB), for example, and comprises 0.5-5%
(e.g., 1%, 2% or 4%) by volume of the PTC material layer.
The mnner filler 1s selected from one of aluminum nitride
(AIN), silicon carbide (S1C), zirconium oxide (ZrQO,), boron
nitride (BN), graphene, aluminum oxide (Al,O;), or any
mixtures thereol, and comprises 2-10% (e.g., 4%, 6% or 8%)
by volume of the PTC material layer. Accordingly, NTC
behavior after trip of the over-current protection device can
be mitigated. In particular, with such compositions, the
resistance retention ratio R,, 1s in the range ot between 2 and
10. At 25° C., a hold current per unit area of the over-current
protection device is 0.215-0.26 A/mm?, such as 0.22 A/mm~,
0.23 A/mm~, 0.24 A/mm~ or 0.25 A/mm~. Also, the over-
current protection device can pass the cycle life test at 24V
and 50 A without blowout. The over-current protection
device also exhibits the features of high voltage endurance,
high hold current per unit area, and high endurable power
per unit arca. With the endurable voltage being increased to
24V, the endurable power per unit area increases to 5.1-6.5
W/mm?, e.g., 5.5 W/mm* or 6 W/mm?*. Moreover, although
the top-view area of the PTC matenial layer 1s decreased to
20-35 mm*~ (e.g., 25 mm* or 30 mm*) and the thickness of
the PTC matenial layer 1s reduced to 0.3-0.7 mm (e.g., 0.4
mm, 0.5 mm or 0.6 mm), the over-current protection device
after trip once can have a resistivity (p_R1 max) of
0.026~0.033 Q-cm, such as 0.028 Q-cm, 0.030 Q-cm or
0.032 Q-cm. According to the present mnvention, a small-
s1zed over-current protection device with top-view area and
thickness thereof reduced does not lead to a resistivity being
increased.

The over-current protection device of the present mnven-
tion 1s used for high-temperature environment applications.
Theretore, it 1s required that the fluoropolymer has a melting
point temperature higher than 130° C., and the fluoropoly-
mer 1s not limited to PVDE. Alternatively, other tfluoropo-
lymers having melting point temperatures higher than 150°
C. and similar features can be used also, such as polyvi-
nylidene tluoride, ethylene-tetrafluoroethylene copolymer,
tetratluoroethylene-hexatluoro-propylene copolymer (FEP),
cthylene-tetrafluoroethylene copolymer (PETFE), pertluo-
roalkoxy modified tetrafluoroethylenes (PFA), poly(chloro-
tri-fluorotetratiuoroethylene) (PCTFE), vinylidene fluoride-
tetrafluoroethylene copolymer (VF-2-TFE), poly(vinylidene
fluoride), tetrafluoroethylene-perfluorodioxole copolymer,
vinylidene fluonide-hexatluoropropylene copolymer, and
vinylidene fluoride-hexafluoropropylene-tetratluoroethyl-
ene terpolymer. Preferably, a plurality of fluoropolymers
with different melting point temperatures could be used by
which a smooth resistance-to-temperature curve (R-T curve)
1s obtained to enhance the stability of cycle life test and
voltage endurance.

In addition to tungsten carbide (WC), the conductive
ceramic filler of the PTC matenial layer may use other
materials having a resistivity less than 500uf2-cm, including
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but not limited to metal carbide, metal boride or metal
nitride such as titamium carbide (T1C), vanadium carbide
(VC), zircomium carbide (ZrC), niobium carbide (NbC),
tantalum carbide (TaC), molybdenum carbide (MoC), hai-
nium carbide (HIC), titanium bornde (TiB,), vanadium

boride (VB,), zirconium boride (ZrB,), niobium boride
(NbB,), molybdenum boride (MoB,), hafnium boride

(HiB,) or zirconium nitride (ZrIN).

The present invention provides an over-current protection
device which can mitigate NTC behavior after trip of device.
In addition, the over-current protection device exhibits the
teatures of high voltage endurance, high hold current per
unit area, and high endurable power per unit area, and
therefore 1t can withstand rigorous impacts 1n high-tempera-
ture environments and 1s suitable for high-temperature over-
current applications. Moreover, the size of the over-current
protection device 1s reduced without increase of resistivity,
thus being particularly suitable 1n applications for small-
s1zed electronic products.

The above-described embodiments of the present inven-
tion are intended to be 1llustrative only. Numerous alterna-
tive embodiments may be devised by persons skilled in the
art without departing from the scope of the following claims.

What 1s claimed 1s:

1. An over-current protection device, comprising:

a first electrode layer;

a second electrode layer; and

a positive temperature coeflicient (PTC) matenal layer
laminated between the first and second electrode layers
and having a resistivity less than 0.05 £2-cm, the PTC
material layer comprising:

a polymer matrix comprising at least one fluoropolymer
with a melting point temperature higher than 150° C.,
and comprising 45-60% by volume of the PTC material
layer;

a conductive ceramic filler of a resistivity less than 500p
cm dispersed 1n the polymer matrix, and comprising
40-45% by volume of the PTC matenal layer;

a carbon-containing conductive filler dispersed in the
polymer matrix and comprising 0.5-3% by volume of
the PTC matenial layer; and

an inner filler selected from one of aluminum nitride,
silicon carbide, zirconium oxide, boron nitride, gra-
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phene, aluminum oxide, or any mixtures thereof, and
comprising 2-10% by volume of the PTC material
layer;

wherein at 25° C., a hold current per unit area of the
over-current protection device is 0.215-0.26 A/mm~;

wherein at 25° C., an endurable power per unit area of the
over-current protection device is 5.1-6.5 W/mm~.

2. The over-current protection device of claim 1, wherein

a ratio of a resistance of the over-current protection device
at 164° C. (R_164° C.) to a resistance of the over-current
protection device at 200° C. (R_200° C.) 1s defined to be a
resistance retention ratio R,, and R,, 1s between 2 and 10.

3. The over-current protection device of claim 2, wherein
the mner filler comprises boron nitride, and the resistance
retention ratio R,, 1s less than 5.

4. The over-current protection device of claim 1, wherein
the fluoropolymer 1s selected from the group consisting of
polyvinylidene fluoride, poly(tetrafluoroethylene), poly(vi-
nylidene tluoride), ethylene-tetra-fluoro-ethylene, tetratluo-
roethylene-hexatluoro-propylene copolymer, ethylene-tet-
rafluoroethylene copolymer, perfluoroalkoxy modified
tetratluoroethylenes, poly(chlorotri-tfluorotetratluoroethyl-
ene), vinylidene tluoride-tetrafluoroethylene copolymer, tet-
rafluoroethylene-perfluorodioxole copolymer, vinylidene
fluoride-hexatluoropropylene copolymer, and vinylidene
fluoride-hexatluoropropylene-tetratluoroethylene  terpoly-
mer.

5. The over-current protection device of claim 1, wherein
the conductive ceramic filler 1s selected from the group
consisting of tungsten carbide, titanium carbide, vanadium
carbide, zircomium carbide, niobium carbide, tantalum car-
bide, molybdenum carbide, hatnium carbide, titanium
boride, vanadium boride, zirconium boride, niobium boride,
molybdenum boride, haintum boride and zirconium nitride.

6. The over-current protection device of claim 1, wherein
the over-current protection device passes a cycle life test at
24V and 30 A by 100 cycles without blowout.

7. The over-current protection device of claim 1, wherein
the over-current protection device has a top-view area of
20-35 mm~ and a thickness of 0.3-0.7 mm.

8. The over-current protection device of claim 7, wherein
the over-current protection device alter trip once has a

resistivity (p_R1 max) of 0.026~0.033 Q-cm.
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